Excessive iron absorption is one of the main features of β-thalassemia and can lead to severe morbidity and mortality. Serial analyses of β-thalassemic mice indicate that while hemoglobin levels decrease over time, the concentration of iron in the liver, spleen, and kidneys markedly increases. Iron overload is associated with low levels of hepcidin, a peptide that regulates iron metabolism by triggering degradation of ferroportin, an iron-transport protein localized on absorptive enterocytes as well as hepatocytes and macrophages. Patients with β-thalassemia also have low hepcidin levels. These observations led us to hypothesize that more iron is absorbed in β-thalassemia than is required for erythropoiesis and that increasing the concentration of hepcidin in the body of such patients might be therapeutic, limiting iron overload. Here we demonstrate that a moderate increase in expression of hepcidin in β-thalassemic mice limits iron overload, decreases formation of insoluble membrane-bound globins and reactive oxygen species, and improves anemia. Mice with increased hepcidin expression also demonstrated an increase in the lifespan of their red cells, reversal of ineffective erythropoiesis and splenomegaly, and an increase in total hemoglobin levels. These data led us to suggest that therapeutics that could increase hepcidin levels or act as hepcidin agonists might help treat the abnormal iron absorption in individuals with β-thalassemia and related disorders.
Introduction β-thalassemia is one of the most common congenital anemias arising from partial or complete lack of β-globin synthesis. β-thalassemia major, also known as Cooley anemia, is the most severe form of this disease and is characterized by ineffective erythropoiesis (IE) and extramedullary hematopoiesis (EMH) in the liver and spleen. Patients require regular blood transfusions to sustain life (1) . In the milder form, termed β-thalassemia intermedia, blood transfusions are not always necessary, yet iron overload still occurs due to progressive iron absorption from the gastrointestinal tract (2) . In β-thalassemia intermedia patients, studies show that the rate of iron absorption from the gastrointestinal tract is approximately 3 to 4 times greater than normal, varying between 2 and 5 g per year depending on the severity of erythroid expansion (1) . Regular transfusions may double the rate of iron accumulation. In these patients, IE often worsens over time, exacerbating anemia, iron absorption, and splenomegaly (3) . Increased gastrointestinal iron absorption may also play a role in transfused β-thalassemia major patients, increasing when hemoglobin (Hb) levels decrease (4) . Progressive iron overload affects multiple organs and is the primary cause of death in patients with β-thalassemia syndromes (1) .
The th3/+ mouse, a model of β-thalassemia, harbors a heterozygous deletion of β minor and β major genes (5, 6) and exhibits features comparable to those of patients affected by β-thalassemia intermedia, including Hb levels between 7 and 9 g/dl (5-7), IE, EMH, increased production of immature erythroid cells, aberrant erythrocyte morphology, and hepatosplenomegaly. Serum iron, transferrin (Tf) saturation, and nontransferrin-bound iron (NTBI) levels are elevated in th3/+ mice (8) . Iron accumulates primarily in the spleen and in the Kupffer cells of the liver. The Hb levels in th3/+ mice decrease with time, while the spleen size, the number of nucleated erythroid cells, and the ratio of liver to spleen iron all increase (8) . Thus, over time these mice exhibit some of the features associated with the most severe forms of the disease.
Hepcidin (HAMP) (9, 10), a peptide produced in the liver, regulates iron metabolism by triggering the degradation of ferroportin (FPN1) (11) , an iron-export protein localized on absorptive enterocytes, hepatocytes, and macrophages. Altered expression of hepcidin is responsible for the modifications of iron metabolism that characterize several diseases, including β-thalassemia (8, 12) . th3/+ mice have relatively low hepatic Hamp1 expression, suggesting that insufficient hepcidin may be responsible for the high iron levels in these mice (8, 13, 14) . Similarly, low HAMP levels have been measured in the urine of patients with β-thalassemia (15) , further supporting this hypothesis.
The iron absorbed by patients with β-thalassemia intermedia or th3/+ mice is excessive relative to the amount of iron needed to maintain a Hb of 9 g/dl (2, 3, 8) . In this case, liver parenchymal cells store the surplus iron. Therefore, we postulate that (a) limiting the dietary iron intake of th3/+ mice would decrease organ iron with no effect on erythropoiesis, and that (b) similar results could be achieved by limiting dietary iron intake via increased Hamp1 expression.
Since Fpn1 is also localized on macrophages, upregulation of Hamp1 in normal mice affects both dietary iron absorption and the recycling of iron, resulting in modified erythropoiesis (16) . Therefore, the upregulation of Hamp1 in th3/+ mice could also affect iron recycling and its availability for erythropoiesis, ultimately worsening their anemia. Since endogenous hepcidin in th3/+ mice is low relative to the amount of liver iron available for erythropoiesis (8) , moderate hepcidin supplementation might limit iron absorption without interfering with the release of iron for erythropoiesis. Thus, the therapeutic benefit would depend upon the level of Hamp1 achieved. To address these questions, we analyzed normal and th3/+ mice overexpressing Hamp1 at different levels and compared them with mice maintained on an iron-deficient diet (2.5 ppm). In the latter group of mice, egress of iron from macrophages was not expected to be altered since Hamp1 is extremely low under conditions of iron deficiency (17) .
Here we show that reducing iron intake in th3/+ mice by feeding a low-iron diet supports our first hypothesis, indicating that they absorb far more iron than is required to sustain erythropoiesis. Our second hypothesis is supported by the fact that th3/+ mice overexpressing Hamp1 exhibit not only reduced organ iron overload but also a remarkable amelioration of their anemia and IE. Thus, our study reveals a potential role for Hamp1 or Hamp1 agonists in the development of new pharmacological approaches to treating the abnormal iron absorption in β-thalassemia and related disorders.
Results

Low dietary iron intake markedly affects erythropoiesis in normal mice.
WT and th3/+ mice were generated by breeding and by engraftment of WT and th3/+ HSCs into normal mice after complete myeloablation (8) . Using the engraftment of HSCs instead of breeding, we were able to obtain a larger number of mice for analysis in a shorter time. Here we present the results obtained using transplanted mice, there being no major differences observed between th3/+ mice on diets containing 35 and 2.5 ppm iron generated by the 2 methods (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI41717DS1).
A commercial rodent diet contains 200 ppm iron, more than necessary for normal physiological requirements. Therefore, we investigated defined diets containing either 35 ppm iron (iron-suf-
Figure 1
Hematological and iron-related parameters in groups of WT and th3/+ mice fed diets with 35 and 2.5 ppm iron for 1 or 5 months. Complete blood counts show (A) the Hb, rbc, and reticulocyte values, and the (B) MCH, MCV, and MCHC values. The figure also shows (C) total iron content of liver and spleen as measured by atomic absorption, (D) serum iron concentration and Tf saturation, and (E) Hamp1 mRNA expression levels relative to mouse Gapdh, obtained by Q-PCR of the liver using primers specific for mouse Hamp1. Error bars represent SD. P values were calculated using unpaired, 2-tailed Student's t test. *P < 0.05; **P < 0.01; ***P < 0.001. Groups of mice on the 2.5-ppm diet were compared with corresponding groups on the 35-ppm diet fed for the same length of time unless otherwise indicated by brackets. In C, P values relative to comparisons between spleens are above the columns, while those between the livers are under the x axis. P values in the small rectangles above the columns refer to the total iron content of liver and spleen. ficient diet) or 2.5 ppm iron (low-iron diet). No statistical differences were observed in tissue iron levels or parameters pertaining to erythropoiesis between WT and th3/+ mice fed the 35-ppm diet or mice fed the commercial diet for up to 5 months. Thus, we used the 35-ppm diet as our control diet.
After 1 month, the hematological values of WT mice fed the 35-and 2.5-ppm iron diets were similar ( Figure 1, A and B) and essentially identical to those of mice analyzed on standard commercial diet (not shown). However, the amount of iron in the livers and spleens of WT mice fed the 2.5-ppm diet was reduced compared with mice fed the 35-ppm diet ( Figure 1C ). The serum iron levels were not significantly different from those of controls, although the corresponding Tf saturations were reduced ( Figure 1D ) with increased serum erythropoietin (Epo) levels (Supplemental Figure 2A) .
After 5 months, WT mice fed the 35-ppm diet did not show any hematological changes (Figure 1, A and B) and exhibited a decrease in the total amount of iron in the spleen ( Figure 1C ) compared with mice analyzed at 1 month. The iron in the kidneys and heart was reduced (Supplemental Figure 3, A and B) . Mice fed the 2.5-ppm diet for 5 months, however, exhibited a dramatic decrease in Hb, mean cell Hb (MCH), mean corpuscular volume (MCV), and mean corpuscular Hb concentration (MCHC) levels ( Figure 1, A and B) .
Serum iron levels and Tf saturation were reduced ( Figure 1D ). In addition, Hamp1 expression was extremely low ( Figure 1E ), while Epo levels were increased (Supplemental Figure 2A) . FACS analysis showed that there were no statistically significant differences in the percentages or absolute numbers of immature (CD71 + Ter119 + ) and mature (CD71 -Ter119 + ) erythroid progenitor cells in the spleen (Figure 2 , A and C) or BM (not shown) of WT mice on either the 2.5-or 35-ppm diet for 1 and 5 months. In summary, this analysis indicated that WT mice on an iron-restricted diet exhibit reduced Hb and rbc synthesis.
Low dietary iron intake positively affects erythropoiesis while reducing tissue iron levels in th3/+ mice. As in the case of normal mice, the hematological values of th3/+ mice fed the 35-and 2.5-ppm iron diets for 1 month were similar ( Figure 1, A and B ) and identical to those of mice analyzed on a standard commercial diet (not shown). As in WT mice, a reduction was seen in the amount of iron in the liver and spleen ( Figure 1C ) and also in the kidneys and heart (Supplemental Figure 3 , A and B) of the mice fed the 2.5-ppm diet. The serum iron levels and Tf saturation of th3/+ mice fed the 2.5-ppm iron diet were unchanged relative to controls ( Figure 1D ). Epo levels were increased (Supplemental Figure 2A) and Hamp1 expression was reduced in the th3/+ mice fed the 2.5-ppm diet ( Figure 1E ). This suggests that Hamp1 expression is more sensitive to the sup- pressive effect of iron restriction in states of increased erythropoietic activity than in th3/+ mice. The size of the spleen in th3/+ mice fed the 2.5-ppm diet for 1 month was reduced ( Figure 2D ), while that of the liver was unchanged (Supplemental Figure 4A ).
After 5 months on the 35-ppm diet, th3/+ mice exhibited decreases in Hb levels compared with th3/+ mice at 1 month (from 9.0 ± 0.7 g/dl to 6.9 ± 0.9 g/dl; Figure 1A ). After the same length of time, th3/+ mice fed the 2.5-ppm diet exhibited low Hamp1 expression ( Figure 1E ) together with low serum iron levels and Tf saturations ( Figure 1D ), while Epo levels were not statistically different (Supplemental Figure 2A) . Organ iron content was considerably reduced ( Figure 1C Figure 2 , A-C). In conclusion, these findings demonstrate that th3/+ mice on a low iron diet, despite relative systemic iron deficiency, do not exhibit a worsening anemia although its secondary effects, such as hepatosplenomegaly, are mitigated.
Overexpression of transgenic Hamp1 leads to sequestration of iron in the spleen and erythropoietic effects in normal mice. We used mice that uniformly overexpress a transgenic form of Hamp1 in the liver (Tg-Hamp mice, C57BL/6 background) (16) . We engrafted these mice with th3/+ HSCs (C57BL/6 background) generating Tg-Hamp/th3 mice. HSCs from WT mice were transplanted into Tg-Hamp mice to generate positive controls. Mice that did not overexpress the transgenic Hamp1 were designated Tg -. Tg -mice were also transplanted with WT or th3/+ HSCs to generate Tgand Tg -/th3-negative controls, respectively. All mice were maintained on the 35-ppm diet.
After 1 month on this diet, most Tg-Hamp mice showed reduced Hb, MCH, MCV, and MCHC levels and increased rbc and reticulocyte counts ( Figure 3 , A and B) as well as an increased number of immature erythroid progenitor cells (CD71 + Ter119 + ) in the spleen ( Figure 4C ). In addition, the serum iron levels and the Tf saturations were reduced, becoming nearly undetectable in Tg-Hamp mice compared with Tg -controls (not shown). Epo values did not change significantly (Supplemental Figure 2B) .
We employed both Northern blot and real-time quantitative PCR (Q-PCR) assays to quantify the total Hamp1 transcribed ( Figure 3D) . Identification of the endogenous and transgenic mRNAs by Northern blot is possible because Tg-Hamp mRNA contains the β-globin poly(A) sequence instead of the endogenous Hamp1 3′ UTR and poly(A) elements, resulting in an increased length of the transcript (16) . The Northern blot assay indicated that both the Tg-Hamp and Tg-Hamp/th3 mice expressed only the transgenic Hamp1 ( Figure 3D ).
In Tg-Hamp mice, Northern blot analysis indicated that the level of transgenic Hamp1 is increased approximately 2-fold compared with the mean expression of endogenous Hamp1 in Tg -mice. Consistently, the total amount of iron in the liver was reduced in Tg-Hamp mice compared with Tg -mice. However, the total amount of iron in the spleen of Tg-Hamp mice was increased after 1 month on the diet ( Figure 3C ). In 2 mice, designated high Hamp1 expressers ( Figure 3D ), we observed very low levels of Hb (6.8 and 5.2 g/dl, respectively; Figure 3A ) compared with an average value of 11.2 g/dl in control mice. This correlates with higher levels of Hamp1 expression (approximately 4-fold when compared with the average expression in Tg -mice). In these mice, the iron content of the liver was also reduced, but that in the spleen was more than 6.2-fold higher than that in Tg -mice and 3.2-fold higher than in the other Tg-Hamp mice. These individual differences indicate that very high levels of hepcidin can markedly inhibit the release of iron from macrophages ( Figure 3C and Supplemental Figure 5A ), leading to a dramatic inhibition of rbc production. To confirm that the Hamp1 transgenic mRNAs did not carry any mutation acquired during transgenesis that could modify or alter the correlation between Hamp1 expression and the abnormal parameters observed in these mice, the mRNAs were isolated from the livers of the HHE-1 and HHE-2 mice, and the transgenic Hamp1 was sequenced. No mutations were identified in any of these transcripts.
After 5 months, although the transgenic Hamp1 remained elevated (not shown), no significant differences were observed in hematological parameters (Figure 3, A and B) or the iron content of the liver, spleen ( Figure 3C ), and heart (Supplemental Figure 3D) , when comparing Tg-Hamp to Tg -mice. The only significant reduction of the iron content was observed in the kidneys (Supplemental Figure 3C ). The fact that no major differences were present indicates that, after a few months, a yet-undescribed feedback Spleen weights normalized to body weight. *P < 0.05; **P < 0.01; ***P < 0.001. Data are presented as mean ± SD. mechanism in Tg-Hamp mice compensated for the increased level of transgenic Hamp1 expression, leading to normalization of organ iron contents and erythropoiesis.
Limited overexpression of transgenic Hamp1 reduces tissue iron levels with a beneficial effect on erythropoiesis in th3/+ mice. In the majority of Tg-Hamp/th3 mice, moderate overexpression of Hamp1 (on average a 4-fold increase relative to endogenous Hamp1) led to a reduction of the organ iron contents to levels similar to those observed in normal mice on the 35-ppm iron diet. Moreover, the hematological parameters in the majority of Tg-Hamp/th3 mice improved compared with those of Tg -/th3 mice after both 1 and 5 months. Specifically, Tg-Hamp/th3 mice exhibited higher Hb levels with lower MCH and MCV (Figure 3, A and B) . Epo values did not change (Supplemental Figure 2B) . Additionally, the reticulocyte counts ( Figure 3A ) and both the percentage and the absolute number of immature erythroid progenitor cells (CD71 + Ter119 + )
Figure 5
Effects of different levels of transgenic Hamp1 expression on the distribution of iron in the liver and spleen, and on spleen size and morphology in th3/+ mice. The numbers refer back to the Northern blot in Figure 3D . Correlations between transgenic Hamp1 expression (as determined by the band intensity of the Northern blot in Figure 3D ) in Tg -/th3 (white circles) and Tg-Hamp/th3 mice (black circles) and (A) Hb values, (B) spleen weight, (C) hepatic iron content, and (D) splenic iron content. The spleen specimen of a control mouse (number 11) was lost during the iron analysis. Histopathological examinations were performed on 1 Tg -/th3 mouse (number 12), 2 Tg-Hamp/th3 mice with intermediate levels of Hamp1 expression (numbers 19 and 18), and the Tg-Hamp/th3 HHE mouse (number 14). (E) Northern blot from Figure 3D . Iron deposition in (F) the liver and (G) spleen. (H) Spleen morphology. Images were captured on a Nikon Eclipse E800 microscope, with a Retiga Exi camera (Qimaging), then acquired using the IPLab 3.65a software (Scanalytics Inc.). Brightness/contrast and color balance were adjusted using Adobe Photoshop 7.0.1 (Adobe System Inc.). Original magnification, ×200 (F); ×100 (G and H).
in the spleen decreased (Figure 4, A-C) . In a subset of thalassemic mice, we analyzed erythroid cells from both spleen and BM by FACS analysis using a recently described technique that enables a more discrete resolution of the distinct stages in erythroid differentiation using the Ter119 and CD44 antibodies. This assay allows the separation of erythroid cells into distinct populations corresponding to proerythroblasts (fraction I), basophilic (II), polychromatic (III), orthochromatic cells, and reticulocytes (IV), and mature rbc (V) (Supplemental Figure 6 , only spleen is shown; similar results were observed in the BM) (18) . This analysis confirmed that both the percentage and the absolute number of immature erythroid progenitor cells in the spleen decreased as seen using the CD71 and Ter119 markers.
Low serum iron and Tf saturation levels were very low to undetectable at 1 month. Furthermore, iron content in the livers, spleens, and kidneys was reduced ( Figure 3C and Supplemental Figure 3C ). We also observed a reduction of splenomegaly (Figure 4D) , a more normal architecture of the spleen (Supplemental Figure 7A) , and a reduction of EMH in the liver (Supplemental Figure 7B) . A single Tg-Hamp/th3 animal ( Figure 3D ) exhibited high hepcidin expression, approximately 9 times that of the average observed in the Tg -/th3 mice. This HHE mouse also displayed a low level of Hb (4 g/dl; Figure 3A ) and reduced iron in the liver but no change in its splenic iron content compared with control mice ( Figure 3C ). Iron present in the spleen was mostly sequestered in macrophages, indicating that high levels of hepcidin prevent normal iron recycling, resulting in a markedly negative effect on rbc production. The Hamp1 transgenic transcript of the HHE-3 mouse was sequenced in order to exclude the presence of mutations acquired during transgenesis (not shown).
We then quantified the mRNA levels in the Northern blots shown in Figure 3D and correlated the results with a series of parameters, such as Hb, liver and spleen iron, and splenomegaly ( Figure 5 ). This analysis indicated that moderate overexpression of Hamp1 (up to 4-fold that of endogenous levels, excluding the HHE mouse) had a positive effect or no effect on Hb synthesis ( Figure 5A ) and correlated inversely with a decreased liver and spleen iron load and amelioration of splenomegaly ( Figure 5, B-D) . These observations, together with those of the blood profile ( Figure 3 ) and the decrease in the number of immature erythroid cells ( Figure 4C ), indicate that reduction of erythroid activity ameliorates the morphology of the spleen ( Figure 5H and Supplemental Figure 7A ) in these mice and reverses splenomegaly ( Figure 5B) . In contrast, analysis of the HHE mouse indicated that excessive hepcidin production in β-thalassemia is detrimental, as indicated by the low Hb level ( Figure 5A ), iron overload in the spleen (Figure 5 , D and G), and splenomegaly ( Figure 5B ), emphasizing the fact that a therapeutic benefit would depend upon the level of Hamp1 achieved.
At 5 months, the Tg-Hamp/th3 mice still exhibited reduced organ iron contents (although the heart was not affected; Figure 3C and Supplemental Figure 3C ) and improved erythropoiesis compared with Tg -/th3 mice ( Figure 3A) . The Tg-Hamp/th3 mice exhibited increased levels of serum iron and Tf saturation, as did the WT mice overexpressing transgenic Hamp1 (not shown).
Overexpression of transgenic Hamp1 also improves erythropoiesis in th3/+ mice. To identify the causes leading to amelioration of erythropoiesis in these mice, we analyzed additional th3/+ mice maintained on the 2.5-ppm iron diet and Tg-Hamp/th3 mice on the 35-ppm iron diet and compared them to Tg -/th3 control mice, also on the 35-ppm diet (respectively, n = 5, 3, and 4 mice per group). As observed previously, th3/+ mice on the 2.5-ppm iron diet and Tg-Hamp/th3 mice exhibited improved erythropoiesis compared with Tg -/th3 control mice (not shown). In particular, a reduced MCH was corroborated by direct quantification of the heme content using the same number of rbc from each mouse ( Figure 6A ). This led us to hypothesize that a reduced heme level would limit the formation of insoluble globins (α chain/heme aggregates) and thereby reduce their potential toxicity when they adhere to rbc membranes and produce ROS (19) . Thus, a reduction in insoluble α-globins could improve the quality and survival of erythroid cells, leading to a larger number of rbc in the circulation and amelioration of the IE and anemia. To test this hypothesis, we prepared membrane fractions and determined the amount of bound globins by triton acetic acid urea (TAU) gel electrophoresis. th3/+ mice on the 2.5-ppm iron diet and Tg-Hamp/th3 mice showed a reduction of membrane-associated α chains compared with Tg -/th3 control mice ( Figure 6B) ; this was confirmed by HPLC using the same membrane fractions (Supplemental Figure 8) .
Splenomegaly exacerbates anemia both by sequestering rbc and augmenting their removal by erythrophagocytosis. Since we observed that the spleen was reduced in th3/+ mice on the 2.5-ppm iron diet and Tg-Hamp/th3 mice, we devised a new method to evaluate the lifespan of rbc to avoid the potentially confusing factor of splenomegaly. We transfused blood from WT, th3/+ on the 2.5-ppm iron diet, Tg -/th3, and Tg-Hamp/th3 mice into GFP-transgenic mice, which exhibit normal spleen sizes. rbc from the latter group of mice are fluorescent and easy to distinguish from donor rbc by FACS analysis. The rbc from th3/+ mice on the 2.5-ppm iron diet and Tg-Hamp/th3 mice also exhibited longer life spans, similar to WT rbc ( Figure 6C ). The rbc from Tg-Hamp/th3 mice exhibited a more normal morphology ( Figure 6E ). Additionally, a ROS indicator, 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA), was added to peripheral blood, spleen, and BM cells. This compound permeates into the cells and is oxidized in the presence of ROS or free heme. Oxidation was detected by monitoring the increase in fluorescence by flow cytometry. This analysis indicated that rbc ( Figure 6D ) from th3/+ mice on the 2.5-ppm diet and Tg-Hamp/th3 mice have reduced fluorescence, and by implication, reduced ROS and/or free heme, when compared with cells from Tg -/th3 control mice. Furthermore, we analyzed distinct erythroid populations from both spleen and BM by FACS analysis using the Ter119 and CD44 antibodies (Figure 7 , A-C, only spleen is shown) and investigated in these fractions the level of ROS (18) . The analysis of the distinct erythroid populations in the spleen indicates that ROS were reduced in both Tg-Hamp/th3 mice (both fractions IV and V) and th3/+ mice fed the low-iron diet (fraction V) compared with Tg -/th3 controls ( Figure 7, D-F) .
Furthermore, WT mice and untreated Tg -/th3 mice have different patterns of erythroid differentiation and apoptosis in the BM and spleen. The relative percentage of erythroid cells increases, approximately 2-fold at each stage of differentiation (from fraction I to IV), likely reflecting 1-cell divisions, in WT mice ( Figure 8A ). In contrast, untreated Tg -/th3 mice increase 3 to 6 times ( Figure 8B ) between fractions I and II as well as between II and III. This observation corroborates previous studies that indicate that β-thalassemic erythroid cells exhibit increased cell proliferation and reduced cell differentiation compared with those from normal mice (20) . However, comparing the FACS profiles of WT and Tg -/th3 mice ( Figure 8 , A and B, respectively) with those of Tg-Hamp/th3 mice ( Figure 8C ), we observed that the latter group of mice exhibited an improved profile both in the spleen and BM (not shown), as indicated by a reduction in the number of cells in fractions II to IV, a more balanced ratio of the number of cells between these fractions and a relative increase in terminally differentiated cells in fraction V.
Although we observed similar results in th3/+ mice on the 2.5-ppm iron diet ( Figure 8D ), further analysis using annexin V identified a large proportion of erythroid precursors undergoing apoptosis (orthochromatic cells and reticulocytes in fraction IV) or exhibiting an abnormal rbc membrane (mature rbc in fraction V, comparing Figure 8 , E-G with H). This was not the case in Tg-Hamp/th3 mice.
In conclusion, our data suggest that modest overexpression of hepcidin limits the formation of toxic α chain/heme aggregates, reduces free heme and/or ROS formation, and improves both rbc lifespan and anemia. Moreover, it reduces IE by restoring to normal the relative proportion of cells at different stages of erythroid differentiation rather than by triggering cell death of erythroid precursors.
Discussion
Iron balance must be carefully regulated to provide iron as needed while avoiding the toxicity associated with its excess. Tissue iron overload is a primary focus of β-thalassemia management, and if not prevented or adequately treated, is fatal in both transfused and nontransfused patients. NTBI in the circulation damages the heart, endocrine organs, and liver (21). NTBI serves as a catalyst for the formation of ROS, which can cause myocyte damage, arrhythmias, and congestive heart failure, the main causes of death in patients with β-thalassemia (22) . Therefore, development of new strategies to reduce excessive iron absorption and tissue iron overload is one of the primary goals of improved management for β-thalassemic patients. For this reason, we considered the possibility that iron overload could be avoided by limiting the amount of iron absorbed. Such an approach might serve as a substitute for or adjunct to iron chelation therapy in patients affected by β-thalassemia intermedia who exhibit increased iron absorption. In fact, it might be superior to iron chelation since it would be expected to prevent exposure to excessive and possibly toxic iron, obviating the need to eliminate an excess sequestered in vital organs. Although it is unclear how much iron is acquired through increased intestinal absorption in patients who require chronic blood transfusions, even minimal iron absorption would be potentially damaging. Therefore, in chronically transfused patients, we propose that limiting or blocking dietary iron absorption will increase the efficacy of their iron chelation therapy.
We hypothesize that the amount of iron absorbed from a standard iron diet is in excess of that required for erythropoiesis in th3/+ mice. The unchanged Hb levels (~8 g/dl; Figure 1A ) in both WT and th3/+ mice fed the 2.5-ppm diet supports this notion. In other words, β-thalassemic mice require less iron to produce 8 g/dl of Hb than what is required by normal mice to produce 15 g/dl of Hb. Theoretically, then, iron intake in β-thalassemic patients who do not require chronic blood transfusions might be restricted so as to reduce organ iron levels without any detrimental effect on Hb levels.
Because the main cause of increased iron absorption in β-thalassemia intermedia is the low expression of Hamp1 (13, 14) , we utilized transgenic mice overexpressing hepcidin to limit iron overload as a complementary approach to dietary iron restriction. Taken together, our data indicate that a moderate increase in the expression of Hamp1 in th3/+ mice led to hepatic iron levels identical to those in normal mice while splenic iron levels were 4 times less than those in untreated β-thalassemic mice ( Figure 3C ). These reduced organ iron levels were associated with amelioration of anemia, splenomegaly, and EMH compared with untreated th3/+ mice ( Figure 3A , Figure 4D , and Supplemental Figure 7B ). Taken together, these observations demonstrate that iron overload may play an important role in exacerbating IE, increasing splenomegaly, and decreasing Hb levels over time, perhaps by interfering with erythroid maturation or rbc formation.
After 5 months, both normal and th3/+ mice that overexpressed Hamp1 exhibited increased serum iron levels compared with mice evaluated after 1 month. This occurred despite similar levels of transgenic Hamp1 expression in all mice indicating that other factors, in addition to the level of Hamp1 expression, control ongoing iron absorption, at least in mice. One possibility is that the level of Fpn1 increases over time, allowing more iron to enter through the duodenum. However, Fpn1 expression did not increase in mice overexpressing Hamp1 (Supplemental Figure 9) . We cannot exclude the possibility that additional factors modify the translation, maturation, secretion, and ultimately, the serum levels of Hamp.
Both th3/+ mice fed the 2.5-ppm iron diet and Tg-Hamp/th3 mice increased their Hb levels, decreased reticulocyte counts, and reversed IE and splenomegaly. Additionally, reduced MCH and heme levels were observed in these mice ( Figures 1-4 and Figure 6A ). Thus, even though the total heme and Hb content in individual rbc decreased, anemia was reduced because of increased production of rbc. Moreover, while the number of rbc increased, the number of reticulocytes was reduced. This indicates that the IE in these mice was less severe than in untreated mice. We conclude that the toxicity of free heme and α chains is reduced, thereby making erythropoiesis more efficient.
Therefore, by limiting the availability of iron to erythroid precursors, hepcidin agonists might improve the efficiency of erythropoiesis and the survival of the resulting reticulocytes and erythrocytes, by decreasing the synthesis of heme and, perhaps, α-globin chains. Recently, th1/th1 mice, a model of β-thalassemia intermedia (23) similar to th3/+, treated with apo-Tf demonstrated a significant reduction of splenomegaly and IE, an increase in Hb and rbc concentrations, and higher hepcidin expression, suggesting that maldistribution of iron in β-thalassemia might also contribute to IE (24) . In this study, MCH was also decreased. These complimentary observations suggest that decreasing iron availability for erythropoiesis may be beneficial in limiting abnormal rbc production. Decreased iron availability likely results in more effective erythropoiesis, as less iron is available during erythroid development to generate free heme or α-globin precipitates, factors associated with shortened rbc survival. Previously presented data demonstrate that the absence of heme-regulated inhibitor (HRI) kinase, which controls Hb synthesis (25) , exacerbates the β-thalassemia phenotype (26) , while lack of heme exporter feline leukemia virus subgroup C cellular receptor (FLVCR), which controls heme export (27) , impairs rbc formation (28) . These observations, along with our new data, suggest that an excess of iron and/or heme (in addition to α-globin) in erythroid cells might be deleterious to erythropoiesis. Moreover, modulation of erythroid iron intake or heme synthesis might also affect the stability of excess α-globin chains or selectively influence the synthesis of α-versus β-globin chains. In the first scenario, in the absence of heme molecules, α-globin chains might be extreme-
Figure 9
Potential effects of hepcidin agonists or activators on iron absorption under normal and β-thalassemic conditions. =, normal; ↓, abnormally low; ↑, abnormally high hepcidin expression levels.
ly unstable and rapidly eliminated, thereby obviating any toxicity. Alternatively, under conditions of reduced erythroid iron intake, α chains might be produced at a lower rate than β chains, with HRI potentially playing a role in this process. However, Q-PCR analysis of the α-globin mRNA transcript in control and experimental mice did not show any difference (not shown). Additional experiments are required to evaluate the stability and/or degradation of free α chains and their rate of synthesis under condition of low iron.
Furthermore, while the number of rbc were increased in Tg-Hamp/th3 mice, the number of reticulocytes, the proportion of immature erythroid precursors, and the total number of erythroid precursors in the spleen were reduced (Figures 3 and 4) . Moreover, the Epo levels in these mice were unchanged from those in th3/+ mice (Supplemental Figure 2B) . Accordingly, we can also hypothesize that an excess of iron might alter the ratio between proliferation and differentiation of erythroid cells when the synthesis of globin chains is impaired. Additional studies will be required to determine whether reduced iron intake can variably modulate the synthesis of α-and β chains, the role of heme and ROS in erythroid differentiation/proliferation, and the mechanisms by which hepcidin agonists affect erythropoiesis.
In our study we also identified a small subset of mice, indicated as HHE (both normal and th3/+), that exhibited reduced Hb levels and elevated iron deposition in splenic macrophages. These findings were associated with elevated Hamp1 expression levels. Thus, although our data demonstrates as proof of concept that increased hepcidin levels can reduce tissue iron overload and improve erythropoiesis in β-thalassemia intermedia mice, this approach will require titration of HAMP or a HAMP agonist to avoid sequestration of iron in macrophages and thus exacerbation of anemia ( Figure 9 ). Further studies are necessary to explore the potential use of hepcidin agonists/activators to prevent iron overload or reverse its toxic effects in β-thalassemia. Nevertheless, our data represent a proof of concept that increased hepcidin levels can reduce tissue iron overload and improve erythropoiesis in β-thalassemia intermedia and support our hypothesis that hepcidin therapy may be beneficial in this disorder.
